glomerular pressure represents a high risk for the development of severe kidney diseases and causes an increase in mechanical load to podocytes. In this study, we investigated whether mechanical stress alters gene expression in cultured podocytes using gene arrays. We found that tetraspanin CD9 is significantly upregulated in cultured podocytes after mechanical stress. The differential expression of CD9 was confirmed by RT-PCR and Western blotting under stretched and unstretched conditions. Furthermore, mechanical stress resulted in a relocalization of CD9. To get an insight into the functional role of CD9, podocytes were transfected with pEGFP-CD9. The expression of CD9 induced the formation of substratum-attached thin arborized protrusions. Ca 2ϩ depletion revealed that podocytes overexpressing CD9 possess altered adhesive properties in contrast to the control transfected cells. Finally, elevated CD9 expression increased migration of podocytes in a wound assay. In summary, our results suggest that upregulation of CD9 may play an important role in podocyte morphology, adhesion, and migration.
PODOCYTES ARE THE MAJOR TARGET in many glomerular diseases like glomerular hypertension, diabetic nephropathy, and focal segmental glomerulosclerosis (FSGS). These diseases are hallmarked by proteinuria finally resulting in end-stage renal disease (ESRD).
Podocytes cover the outer aspect of the glomerular capillaries by their foot processes interdigitating with their neighboring cells. Beside their complex three-dimensional (3D) morphology, podocytes are characterized by a specific cell-cell contact, the slit diaphragm. Since podocytes are postmitotic, lost podocytes cannot be replaced, which will finally result in areas with uncovered glomerular basement membrane (GBM). It is obvious that the attachment of podocytes to the GBM is essential for proper blood filtration. Glomerular diseases involve the alterations of podocyte morphology or attachment to the GBM and are supposed to be aggravated by increased mechanical load to podocytes (15) .
The present study is based on gene array experiments that were done to identify and evaluate differentially regulated genes in cultured podocytes after mechanical challenge. We found that besides ␣3-integrin, the tetraspanin CD9 is significantly upregulated in stretched podocytes. In fact, the attachment of podocytes to the GBM is predominantly mediated by ␣3␤1-integrins. These transmembrane proteins are a main part of focal contacts that are linked to the actin cytoskeleton (26) that is exclusively expressed in the foot processes. Notably, a podocyte-specific ablation of ␣3␤1 resulted in a severe renal phenotype (13, 23) . In addition, another transmembrane protein, the tetraspanin CD151, plays an important role in the attachment of podocytes to the GBM as CD151
Ϫ/Ϫ mice developed, depending on the genetic background, proteinuria and glomerular nephropathy (2, 33) . Moreover, increased blood pressure in CD151
Ϫ/Ϫ mice induced by DOCA-salt treatment significantly aggravated the development of nephropathy (32) . Furthermore, in humans a rare frame-shift mutation in CD151 causes hereditary nephritis (21) . Therefore, one might suggest that a reduction of mechanical stress to podocytes could ameliorate the progression of CD151 knockout-induced nephropathy also in humans. In consideration of this background, the upregulation of CD9 rather than CD151 in stretched podocytes was an interesting and unexpected finding.
CD9 belongs to the tetraspanin family of transmembrane proteins that contribute to the structural organization of the plasma membrane and are not only important for adhesion but influence also the morphology and motility of cells. Prominent members, beside CD151 (TSPAN 24) and CD9 (TSPAN 29) , are CD37 (TSPAN 26), CD63 (TSPAN 30) , and CD81 ( TSPAN 27) . Unlike many other tetraspanins, CD9 associates with CD151 and CD81 as well as ␣3␤1-or ␣6␤1-integrins in so-called tetraspanin-enriched microdomains (TEMs) in the cell membrane (4) . Previously, in the human kidney CD9 was identified in the distal convoluted tubuli, collecting ducts, and in mesangial as well as endothelial cells of the glomerulus (27, 37) . Moreover, mouse podocytes express CD9 mRNA (7, 9) . However, nothing is known about the localization and function of CD9 either in unstretched or in stretched podocytes.
In the present study, we studied CD9, which is significantly upregulated after 3-day exposure to mechanical stress with regard to localization and function in cultured podocytes.
MATERIALS AND METHODS
Cell culture. Conditionally immortalized podocytes (SVI; CLS Cell Line Service, Eppelheim, Germany), L929 mouse skin fibroblasts, and mouse mesangial cells were handled as previously described (6) . For the isolation of kidneys, glomeruli, and primary podocytes, mice (BL6) were anesthetized and euthanized according to the German animal protection law. Glomeruli and primary podocytes were isolated by the sieving technique that was described previously (17) .
Immunocytochemistry. Cells were grown on glass coverslips coated with collagen IV for 48 h in RPMI at 37 and 38°C, respectively, and fixed in 2% paraformaldehyde (PFA) for 10 min at room temperature (RT) or in acetone/methanol (50/50) for 20 min at Ϫ20°C, respectively. PFA-fixed cells were permeabilized with 0.1% Triton X-100 (in PBS) for 3 min. Cells were washed with PBS and blocked with blocking solution (PBS, 2% fetal bovine serum, 2% bovine serum fraction V, 0.2% fish gelatin) for 1 h at RT. Primary antibodies were incubated for 90 min at RT. The following antibodies were used: rat anti-CD9, mouse anti-paxillin (both from BD Biosciences, San Jose, CA), mouse anti-␣-actinin-4, and mouse anti-vinculin (both from Sigma-Aldrich, Steinheim, Germany). F-actin was visualized using Alexa Fluor 488-phalloidin or Alexa Fluor 546-phalloidin (Invitrogen, Life Technologies) when fixed with PFA or by goat anti-␤-actin (I-19) antibody (Santa Cruz Biotechnology, Santa Cruz, CA) when fixed with methanol/acetone. After a washing step with PBS (3 ϫ 5 min), cells were incubated with secondary antibodies for 60 min at RT. Antigen-antibody complexes were visualized with Cy2-or Cy3-conjugated secondary antibodies (all Dianova, Hamburg, Germany). Cells were washed (3 ϫ 5 min in PBS) and embedded in mounting medium (40 ml PBS, 10 g Mowiol, and 20 ml glycerol). Images were taken using a Leica TCS SP5 confocal laser-scanning microscope (Leica Microsystems, Wetzlar, Germany).
The colocalization between CD9 and various cytoskeletal proteins was quantified using the ImageJ "colocalization" plugin. Thresholds were set by the "intermodes" method. Colocalized regions were measured in pixels and related to the total cell area.
Immunohistochemistry. Kidneys for immunohistochemical experiments were taken from total body-perfused mice. All procedures in animals were performed in accordance with national animal protection guidelines that conform with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the local governmental authorities. Mice were anesthetized (ip) with a mixture of Hostaket (1.2 ml/kg body weight) and Rompun (0.8 ml/kg body weight). After an abdominal section, a cannula was inserted into the abdominal aorta (from retrograde), below the branch of the renal arteries. With a 3% paraformaldehyde-PBS fixative, the mouse was directly perfused for 3 min (30 ml/min). Then, the kidneys were removed, dehydrated, and embedded into paraffin by standard procedures. With a Leica SM2000R microtom, 4-m-thin sections were prepared. After rehydration, sections were unmasked in citrate buffer (0.1 M, pH 6.0) by heating for 5 min in a pressure cooker. The subsequent staining procedure was as described for immunocytochemistry. The following primary antibodies were used: mouse anti-human CD9 (DCS, Hamburg, Germany) and guinea pig anti-mouse nephrin (Progen, Heidelberg, Germany). Primary antibodies were detected by Alexa Fluor 488-conjugated donkey anti-mouse or by Cy3-conjugated donkey anti-guinea pig secondary antibody (Dianova), respectively. Nuclei were stained with Hoechst 33342 (Sigma-Aldrich).
Western blotting. Confluent cells were trypsinized, washed twice in PBS, and lysed (lysis buffer: 50 mM octylglucoside, 50 mM Tris, 150 mM NaCl, 10 mM CaCl 2, 1 mM MgCl2, 1 mM PMFS). After incubation (20 min, 4°C, under agitation), the lysate was centrifuged (10.000 g for 20 min at 4°C). The protein-containing supernatant (20 -30 g/lane) was separated using a 4 -20% Mini-PROTEAN TGX Gel (Bio-Rad Laboratories, München, Germany) and transferred to a nitrocellulose membrane. Blocking step (5% low-fat milk, 60 min) was followed by incubation with a primary antibody (rat anti-CD9, BD Bioscience). Detection of bound antibodies was done with an alkaline phosphatase-labeled secondary antibody (rabbit anti-rat AP, Acris, Hiddenhausen, Germany) and a phosphatase conjugate substrate kit (Bio-Rad Laboratories).
RT-PCR. RNA isolation was performed using TRI reagent (SigmaAldrich) according to the manufacturer's protocol. Reverse transcription was done with 1 g denatured and DnaseI-treated RNA (20 l RT reaction), 2 l oligo(dT)12-18 primer (Invitrogen Life Technologies), and 1 l MuLV reverse transcriptase (50 U/l; Applied Biosystems Roche, Foster City, CA). Then, 2.5 l cDNA (50 l PCR) was analyzed in the presence of 1 l Pwo-polymerase (1 U/l; Peqlab Biotechnologie, Erlangen, Germany) and 20 pmol specific sense and antisense primers. The following primers were purchased from Invitrogen Life Technologies: mouse CD9 (GenBank accession no. NC_000072.4), forward 5=-GCT ACT CGA GCC ATG CCG GTC AAA GGA GGT AGC-3=, reverse 5=-CAC TTG GTA CCG ACC ATT TCT CGG CTC CTG CG-3=, 681-bp product size; and mouse ␤-actin (GenBank accession no. NM_007393), forward 5=-AGC CAT GTA CGT AGC CAT CC-3=, reverse 5=-CTC TCA GCT GTG GTG GTG AA-3=, 228-bp product size. After denaturation for 3 min at 95°C, 33 cycles at 95°C for 30 s, 60°C for 45 s, and 72°C for 2 min were performed by an additional incubation at 72°C for 5 min. Controls were done by running PCR without reverse transcriptase or cDNA, respectively. PCR products were further analyzed by 1% agarose gel electrophoresis.
Mechanical stress. Mechanical stress was applied as reported previously (17) . Differentiated podocytes were grown (3 days) in a BioFlex six-well cell culture plate (Bioflex; Flexcell International, Hillsborough, NC) coated with collagen IV. The cell culture plate was assembled on a manifold connected to the stretch apparatus (CLS, Cell Line Service). Podocytes were stretched (1-3 days) with a cycle frequency of 0.5 Hz and a maximum linear strain of 5%. Three wells were not exposed to mechanical stress and served as controls.
Gene array. For gene array analysis, podocytes were cultured as already described. After 3-day mechanical stress, podocyte RNA was isolated and hybridized with GeneChip Mouse Genome 430 2.0 Arrays from Affymetrix (Santa Clara, CA). The gene expression data were uploaded on the Gene Expression Omnibus (GEO) website (GSExxxx). The following data analysis steps were performed with JMP Genomics 4.0 software (Cary, NC). Mapping of array probe identifiers to genes was done using custom CDF files for Entrez Gene identifiers, v.17.0 from Brainarray.org. Background correction was performed following the robust multichip average (RMA) method; the data were quantile normalized and log2 transformed. Calculation of differential expression was done with the ANOVA method of JMP Genomics. The final gene expression data can be found in the supplemental material (all supplemental material for this article is available on the journal website).
Real-time PCR. RNA isolation and reverse transcription were conducted as described above (RT-PCR). cDNA was diluted 1:5 for real-time PCR. Total PCR volume for each cDNA was 20 l, containing 10 l of Platinum Green qPCR SuperMix-UDG (Invitrogen Life Technologies), 2 l diluted cDNA, 2 l mix of primers (200 http://ajprenal.physiology.org/ ng of each primer, sense and antisense), and 1 l ϫ20 BSA. The following primers were purchased from Invitrogen Life Technologies: mouse GAPDH (GenBank accession no. BC096440), forward 5=-ACC CAG AAG ACT GTG GAT GG-3=, reverse 5=-CAC ATT GGG GGT AGG AAC AC-3=, 171-bp product size; mouse B2m (GenBank accession no. NM_009735.3), forward 5=-CGG TGA CCC TGG TCT TTC TG-3=, reverse 5=-GAT TTC AAT GTG AGG CGG GTG-3=, 160-bp product size; and mouse CD9 (GenBank accession no. NC_000072.4), forward 5=-TGC AGT GCT TGC TAT TGG AC-3=, reverse 5=-GGC GAA TAT CAC CAA GAG GA-3=, 220-bp product size. PCR was done in a LightCycler Nano (Roche Diagnostics, Indianapolis, IN), starting with a denaturation step, 10 min at 95°C, followed by 40 cycles at 95°C for 20 s, annealing at 60°C for 20 s, and elongation at 72°C for 20 s. Samples were normalized against the housekeeping genes GAPDH and B2m for quantification. In addition to that, specificity of PCR products was analyzed by 1% agarose gel electrophoresis.
Generation and transfection of plasmids. For generation of the CD9 expression plasmid, total RNA of differentiated SVI podocytes was prepared using TRI reagent (Sigma-Aldrich) according to the manufacturer's protocol. cDNA was synthesized by using MuLV reverse transcriptase (Applied Biosystems Roche). The coding sequence of CD9 was amplified by standard PCR using Pwo-polymerase (Peqlab Biotechnology, Erlangen, Germany) and specific primers [primers border start-and stop-codon and contain interfaces for KpnI (reverse primer) and XhoI (forward primer), CD9 for 5=-GCT ACT CGA GCC ATG CCG GTC AAA GGA GGT AGC-3= and CD9 rev 5=-CAC TTG GTA CCG ACC ATT TCT CGG CTC CTG CG-3=]. Primers were purchased from Invitrogen. The PCR product was cloned into the pEGFP-N3 expression vector [enhanced green fluorescent protein (EGFP); BD Biosciences]. To verify the recombinant sequences to be free of PCR errors, cloned products were controlled by sequence analysis (LGC Genomics, Berlin, Germany).
For visualization of filopodia, we used a pEGFP-fascin S39A plasmid encoding the nonphosphorylable, not phosphorylated mutant (kindly provided by Dr. J. Adams, Cleveland Clinic Foundation, Cleveland, OH). For transfection, cells were seeded overnight on glass coverslips coated with collagen IV. In one tissue culture dish (35 ϫ 10 mm), four glass coverslips were transfected simultaneously with 2.5 g of plasmid DNA using jetPEI transfection reagent (Polyplus transfection, Illkirch, France) according to the manufacturer's protocol. After 12-24 h, cells were used for live cell imaging.
Live imaging. For live imaging, cells were seeded on glass coverslips that were attached to the bottom of a custom-built plexiglas In confluent podocytes, CD9 is localized all over the cell membrane in a homogenous pattern. An accumulation of CD9 is seen at cell-cell contacts (C; fixation with 2% PFA). In nonconfluent podocytes, CD9 is distributed all over the cell membrane. Moreover, thin arborized protrusions (TAPs) are positive for CD9 (D; fixation with methanol/ acetone). In PP, the localization of CD9 is similar to that in CP (E; fixation with 2% PFA). Real-time PCR shows a significant increase of CD9 in stretched CP compared with unstretched cells. Normalization of CD9 to GAPDH (F) and B2m (G) indicates a significant increase of 20 or 50%, respectively; n ϭ 9. Scale bars ϭ 25 m. *P Ͻ 0.05, ***P Ͻ 0.001. Migration assay. Podocytes were cultured as described before. With a forceps tip, wounds of ϳ0.2 mm width were scratched into the confluent cell layer of pEGFP-CD9-transfected cells. Cells were incubated 16 h at 38°C and 5% CO 2.
Statistical analysis. All data are given as means Ϯ SE analyzed by an unpaired t-test with repeated measurements (n). Differences were determined significant at a P value Ͻ0.05.
RESULTS

CD9 is upregulated by mechanical stress.
Since cultured podocytes were shown to be mechanosensitive (15, 17, 18, 35) , we used this model to explore the genes that are regulated by mechanical stress. Therefore, we conducted gene arrays of stretched (3 days) and unstretched podocytes. Interestingly, we found that the tetraspanin CD9 was upregulated (52%) by mechanical stress whereas most of the tetraspanins remained unaffected. Moreover, among integrins the ␣3-subunit was upregulated by 47% whereas the ␣6-subunit was downregulated by 59% after 3 days of mechanical stress (Table 1) .
CD9 is expressed in primary and cultured podocytes. Since CD9 was significantly upregulated in stretched podocytes, we studied the endogenous expression of CD9 in whole kidney, isolated glomeruli, primary podocytes, as well as in cultured podocytes. RT-PCRs with specific primers spanning five introns indicated bands for the predicted amplified region at 681 bp in all samples tested (Fig. 1A) . Primers for the housekeeping gene ␤-actin (228 bp) were used as a positive control. Furthermore, Western blots displayed a band for CD9 at the expected size of 24 kDa in whole kidney protein, isolated glomeruli, and cultured podocytes (Fig. 1B) . Immunofluorescence revealed that CD9 was homogenously distributed over the cell membrane (Fig. 1, C and D) with an accumulation at cell-cell contacts in cultured podocytes (Fig. 1, C and E) . Moreover, in single podocytes that were not in contact with neighboring cells, CD9 was also present in membrane processes (Fig. 1D) . The distribution of CD9 in primary podocytes was very similar to that in cultured podocytes (Fig. 1E) .
CD9 is localized in glomerular podocytes by immunofluorescence. To confirm the localization of CD9 in podocytes, we subjected paraffin-embedded sections to CD9 and nephrin immunofluorescence. CD9 was localized to glomerular cells (Fig. 2) . Double staining of CD9 and podocyte-specific nephrin revealed colocalization, indicating podocytes as CD9-expressing cells (Fig. 2, C-E) . Moreover, CD9 was found in endothelial cells (Fig. 2E) .
Mechanical stress changes mRNA expression and localization of CD9 in cultured podocytes. By real-time PCR, we found a significant increase in CD9 mRNA already 1 day after mechanical stress. The expression of CD9 mRNA was increased by 20% when normalized against the housekeeping gene GAPDH and 50% when normalized against B2m as a housekeeping gene, respectively (Fig. 1, F and G) . 
CD9 is localized in glomerular cells (A). Immunostaining for nephrin identifies podocytes (B). The overlay shows that CD9 is expressed in podocytes (C and magnifications D and E, arrowheads)
. In contrast to nephrin, CD9 is also located in the endothelium of glomerular capillaries (E, arrow). Negative controls without primary antibodies depict a weak background staining (of mouse Cy2 and guinea pig Cy3) in tubular cells while the glomerulus is negative (F). Scale bars ϭ 25 m (A-C) and 50 m (F). Nuclei were stained with Hoechst 33342.
Since CD9 is known to colocalize with CD151 and ␣3/␤1-integrins that are associated with actin, we investigated whether there is a relationship to the actin cytoskeleton and actin-associated proteins. In fact, CD9 colocalized with F-actin in a punctate pattern at cell-cell contacts in cultured podocytes (Fig. 3, A-C) .
The ImageJ colocalization plugin displayed a colocalization area of 1.03% (Fig. 3N) . On the other hand, a lesser colocalization score was evident for the focal adhesion proteins vinculin (0.03%) and paxillin (0.27%) and the actin-associated protein ␣-actinin-4 (0.42%), as depicted in Fig. 3, G-I 3 . Colocalization of CD9 with F-actin and actin-associated proteins in stretched and unstretched podocytes. In unstretched podocytes, CD9 is expressed all over the cell membrane and accumulates at cellular contacts (A). F-actin fibers (stained red with Alexa Fluor 546-phalloidin) were orientated in parallel and spanning through the cell. An accumulation of actin is seen at cellular contacts (B). The overlay reveals that CD9 colocalizes with F-actin predominantly at sites of cell-cell contacts (C). In stretched podocytes, CD9 reorganizes into clusters while cell-cell contacts disappeared (D). F-actin is reorganized into actin-rich centers (ARCs) from which actin fibers radiate (E). CD9 accumulations are located within and around the ARCs (F). In unstretched podocytes, CD9 shows a minor colocalization with the focal adhesion proteins vinculin and paxillin and the actin-associated protein ␣-actinin-4 (red; G-I). In stretched podocytes, no colocalization was found with paxillin and vinculin (K and L). In contrast, ␣-actinin-4 is partially colocalized with CD9 in cell protrusions (M). Additionally, graphs show the fluorescence intensity of both fluorophores at boxed regions. Quantitative colocalization studies (n ϭ Ն5 cells) were done using ImageJ (N). The colocalization area in unstretched cells was 1.03% for CD9/F-actin, 0.42% for CD9/a-actinin-4, 0.27% for CD9/paxillin, and 0.03% for CD9/vinculin. After stretch, the colocalization area increased for CD9/F-actin up to 1.74% and for ␣-actinin-4 up to 1.42%. For paxillin, the colocalization area was reduced to 0.08%, and for vinculin (0.04%) no changes were observed. A significant change was confirmed for ␣-actinin-4 (P ϭ 0.03; N). Scale bars ϭ 25 m (A-C and G-I) and
m (D-F and K-M).
Mechanical stress resulted in changes of cellular morphology and induced a complete reorganization of the actin cytoskeleton in cultured podocytes according to our previous studies (17) . Instead of a transversal orientation in unstretched podocytes, actin fibers were orientated radially, converging into actin-rich centers (Fig. 3, E and F) . Interestingly, localization of CD9 was also affected by mechanical stress in that CD9 was localized in cluster-like structures besides the distribution all over the cell membrane (Fig. 3D) . Some of these clusters were located beside or directly inside the actin-rich centers (Fig. 3F) . Quantification studies revealed an increase in the colocalized area (CD9 and F-actin) of up to 1.74% (Fig.  3N) . Vinculin was found in a radiate pattern around the CD9 clusters (Fig. 3K) , and paxillin was accumulated in spot-like clusters at the margin of cultured podocytes (Fig. 3L) . While colocalization of vinculin and CD9 remained unchanged (0.04%) after mechanical stress, colocalization of paxillin and CD9 decreased to 0.08% (Fig. 3N) . Moreover, ␣-actinin-4 was localized radial to the CD9 clusters as well as to some extent at the margin of the cell (Fig. 3M ). The colocalization with CD9 bared a significant (P ϭ 0.03) increase of up to 1.42% compared with unstretched conditions (Fig. 3N) .
CD9 localization is influenced by the actin cytoskeleton. To find out whether localization of CD9 is linked to the actin cytoskeleton, podocytes were treated with cytochalasin D. In treated cells, the actin filaments disappeared and reorganization into spotlike structures was observed. In contrast, CD9 reorganized into more netlike structures and cell protrusions disappeared. Immunofluorescence of CD9 combined with Alexa Fluor 546-phalloidin for staining of F-actin revealed a colocalization of CD9 with actin only in some parts of the cell, as shown in Fig. 4 .
CD9 expression affects morphology of cultured podocytes. In transfected podocytes, EGFP-CD9 was localized all over the cell membrane, with the strongest expression at the cell-cell contacts (Fig. 5) . In addition, transfected cells developed thin arborized protrusions called TAPs (Fig. 5A ) that were previously described in CD151-expressing podocytes (6) . To evaluate whether the development of TAPs is specific to podocytes, we transfected L929 fibroblasts and mouse mesangial cells with pEGFP-CD9. As both cell types displayed membrane protrusions, which were not extended and arborized, they were different from TAPs. Furthermore, to exclude that TAPs represent filopodia, we transfected podocytes with pEGFP-fascin that is well known to induce filopodia (14) . As expected, EGFP-fascin transfection led to the formation of filopodia. These protrusions, however, were clearly distinguished from CD9-induced TAPs (Fig. 5E) . Furthermore, the dynamic behavior of filopodia was faster than that of TAPs (data not shown). Control podocytes transfected with an empty pEGFP vector did not generate protrusions (Fig. 5F) .
Further characterization by live cell imaging of pEGFP-CD9-transfected podocytes showed that TAPs had a maximum diameter of 300 nm. Cells were classified into three categories on the basis of the number and branching of membrane processes as described previously (6) . Briefly, category 0 contained cells with 0 -15 unbranched processes. Cells with 15-50 fine, unbranched protrusions or 1-10 TAPs belonged to category I. Cells in category II showed Ͼ50 unbranched processes or Ͼ10 TAPs. In a comparison of TAP formation of pEGFP-CD9-transfected cells with control transfected cells, it turned out that 62% of the pEGFP-transfected but only 23% of the pEGFP-CD9-transfected cells belonged to category 0. Classification into category I occurred for 37% of control and 64% of pEGFP-CD9-transfected cells. Accordingly, by only 1% of pEGFP-transfected cells and 13% of pEGFP-CD9-transfected cells, category II revealed striking differences (Fig.  6 ). For categorization, only cells with strong fluorescence were chosen. Thus TAP formation cannot be correlated to transfection levels of podocytes.
By time-lapse microscopy, we found that single TAPs of pEGFP-CD9-transfected podocytes exhibited different motilities. While some TAPs were stationary or moved slowly and did not change their morphology, others were highly dynamic Control cells showed the homogenous distribution of CD9 and characteristic membrane processes (A). F-actin is organized into stress fibers (B). Colocalization of CD9 with F-actin filaments is evident at the margin of the cell (C). After cytochalasin D treatment, CD9 was accumulated in a netlike structure (D), and F-actin was reorganized in asterlike structures while cell protrusions disappeared (E). Colocalization of CD9 with F-actin was observed only to some extent (F, arrows). Scale bars ϭ 50 m.
in developing new processes that disappeared within a few minutes (movie 1, supplemental material).
CD9 expression induces migration in podocytes. As CD9 localization is dependent on the actin cytoskeleton, we examined whether CD9 expression influences actin-dependent dynamic processes. Therefore, we studied the migration dynamics of pEGFP-CD9-transfected podocytes by using a wound assay. We observed that transfected podocytes show a significantly enhanced migration (P Ͻ 0.05) compared with pEGFPtransfected control cells (Fig. 7) .
Calcium-dependent dynamics of CD9-expressing podocytes.
We further studied the dynamics of CD9-expressing podocytes after depletion and readdition of calcium. After treatment with the calcium chelator EGTA, we observed a contraction to some extent in control cells (expressing only EGFP) while some broader cell protrusions were sustained, showing an accumulation of EGFP at their tips (Fig. 8A) . On the other hand, EGTA-challenged EGFP-CD9-expressing cells rounded up to a minimum while a number of very thin CD9-positive membrane processes remained (Fig. 8B) . After calcium reconstitu- tion, control cells were not able to respread (Fig. 8A ). Thus they revealed only a minor change in morphology. pEGFP-CD9-transfected podocytes, however, started to spread along the fine CD9-positive processes (TAPs) until they had reached their initial cell size and morphology, respectively (Fig. 8B) .
DISCUSSION
Hypertension is one of the major risks for the development of severe renal diseases. Elevated glomerular pressure may be responsible for an increase in mechanical load to podocytes (15) . Mechanical stress involves alterations of podocyte morphology, e.g., reduction or loss of foot processes and finally detachment from the glomerular basement membrane, leading to end-stage renal failure. In previous studies, we have demonstrated that cultured podocytes are mechanosensitive and respond to mechanical stress by reorganization of the actin cytoskeleton, resulting in generation of elongated membrane processes (15) (16) (17) 35) . In the present study, we have investigated the genes that are involved in the adaptation of cultured podocytes to mechanical stress.
We found (by gene array as well as by real-time PCR) the tetraspanin CD9 to be significantly upregulated during mechanical stress, suggesting an important function in stretched podocytes. Previously, it was described that CD9 is localized in the kidney mainly in distal tubuli, collecting ducts, and in glomeruli (27, 37) . Furthermore, it was shown by two independent groups that podocytes express CD9 mRNA (7, 9) . However, there is only sparse information about the localization and function of CD9 in podocytes. In our cultured podocytes, CD9 was found at cellular contacts, which is in agree- ment with the observation that CD9 is localized at cell-cell contacts of colon carcinoma cells and of keratinocytes, respectively (28, 39) . CD9 belongs to the tetraspanin family of transmembrane proteins and is associated with other tetraspanins like CD81, CD63, and CD151 in a variety of cell types (5, 12, 38) . CD9 is known to play an essential role during sperm-egg fusion (19) , cell migration, and tumor progression. Like other tetraspanins, CD9 associates with integrins and different signaling molecules like TNF-␣ and HB-EGF (1, 4) as well as other tetraspanins. Recently, we have shown that CD9 colocalizes to CD151 in podocytes, indicating their close relationship (6) . Since there seems to be an association of both tetraspanins in TEMs, there is increasing evidence that CD9 could modulate CD151 function (11, 12) . In this context, it is interesting that CD151 plays an important role in the development of kidney diseases. Thus loss of CD151 is related to a strong kidney phenotype due to podocyte foot process effacement, resulting in proteinuria and focal glomerulosclerosis (FSGS) (2, 32, 33) .
In the present study, we have further found that mechanical stress induces the redistribution of CD9 as well as actin that was described previously (16, 17) . As the treatment by cytochalasin D also involves a redistribution of CD9, this suggests a close interaction between CD9 and the actin cytoskeleton. This is underlined by the observation that motility and generation of protrusions are influenced by CD9 expression. However, immunoprecipitation assays are needed to confirm this hypothesis.
A number of studies demonstrate a correlation of high CD9 levels and a low metastatic potential of cancer cells that is attributed to reduced migratory potential (25, 36, 40) . Consistently, in breast cancer cells CD9 depletion resulted in an enhanced migratory phenotype due to an impaired localization of talin to focal adhesions (29) . In Chinese hamster ovary cells, however, CD9 enhances phosphorylation of the phosphoinositol 3-kinase substrate AKT and thus improves migration (22) . This is in accordance with our findings on EGFP-CD9-expressing podocytes. Furthermore, it was shown that collagen IV induced cell migration through CD9 in MDA-MB-231 breast cancer cells while there was no effect in nontumorigenic epithelial cells (MCF10A, MCF12A) (10). Moreover, CD9 was noted to induce the migration of monocytes (34) . Taken together, these results indicate that the effect of CD9 seems to be cell type dependent.
Most prominent, however, is the observation that pEGFP-CD9-transfected podocytes developed TAPs. TAP formation has been already described after transfection with pEGFP-CD151 (6) and seems to be unique for podocytes since tetraspanins did not induce TAPs in other cell types like fibroblasts and mesangial cells. By time-lapse microscopy, we demonstrated static and highly dynamic TAPs. These TAPs persisted after calcium depletion of podocytes and served as tracks for respreading after calcium readdition. Interestingly, junctions between keratinocytes changed to a zipper of filopodia under low-calcium conditions. Moreover, these filopodia showed an accumulation of the tetraspanins CD9, CD81, and CD151 (28) .
So far, podocyte process formation was inducible by the Rho-kinase inhibitor Y-27632 and forskolin (20) . However, morphology and dynamics of these protrusions are different from TAPs induced by CD9 or CD151, respectively. It is noteworthy that tetraspanins are known to affect the morphology of cells. For example, the tetraspanin CD82 regulates the morphogenesis of microvilli by affecting the cortical actin cytoskeleton organization and the curvature of plasma membrane, respectively (3). Furthermore, CD9 was found in microvilli of eggs as well as in pseudopods of activated platelets (8, 31) , and Kai/CD82-expressing cells offered elongated cellular tails and reduced lamellipodia (24) . Moreover, a knockout of tetraspanin CD81 led to impaired actin protrusions and diminished lamellipodia spreading (30) . This underlines the role of tetraspanins in generation of membrane protrusions as seen in our study.
In summary, our results suggest that the tetraspanin CD9, which is upregulated by mechanical stress, plays an essential role in the development of TAPs and seems to be crucial for the maintenance of podocyte morphology in an actin-dependent way.
